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PredationStudies of predator–prey interactions, and in particular the derivation of functional responses, have typically
focussed on adults or single life-history stages, with subsequent food web analyses often simply using average
body sizes or assuming that all conspecifics are equal. Such limited consideration of ontogeny in the context of
predatory functional responses may have important implications for our understanding of community structure
and function. Further, large predators may be physically restricted in their ability to feed on very small prey in-
dividuals and/or avoid suchpredation due to its limited energetic return. Here,we elucidate the predatory nature
and impact of the marine intertidal amphipod, Echinogammarus marinus, throughout its ontogeny, towards a
prey species, the isopod Jaera nordmanni. Firstly, we found J. nordmanni in the guts of field caught E. marinus,
from juveniles through to adults of the latter, indicating that E. marinusmay be predatory throughout ontogeny.
Secondly, juvenile, sub-adult and adult E. marinus exhibited Type II functional responses towards
size-matched J. nordmanni prey. In addition, the largest adult E. marinus fed on the smallest J. nordmanni,
again with Type II functional responses, in both homo- and heterogeneous habitat. Thus, the prey do not
benefit from any ontogenetic or size refuge from the predator. These findings demonstrate the significant
predatory ability and potential population level impacts of E. marinus throughout its ontogeny, which
may determine local prey species exclusion and persistence. Determining the functional responses of pred-
ators throughout their ontogeny may thus improve our understanding and prediction of their community
impacts.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The extent towhich a prey population is impacted by a predator is
dependent on a range of abiotic and biotic factors, such as habitat
type and heterogeneity (e.g. Almany, 2004; Swisher et al., 1998;
Warfe and Barmuta, 2004; Werner and Hall, 1988), and behavioural
characteristics relating to both the predator and prey, such as aggre-
gation behaviour, activity levels and refuge use (e.g. Côté and
Jelnikar, 1999; Jennions et al., 2003; Turner, 2008). Further to this,
the ontogeny of predatory disposition and ability can be important
in understanding predator impacts on prey populations throughout
the course of a predator's life history (Céréghino, 2006; Dick et al.,
2012a). This is particularly important to resolve, as food web studies
often assume, for reasons of tractability, that all conspecifics have
identical characteristics, or use average body sizes (Woodward and
Warren 2007). Although in some species there are limited dietary
changes that occur throughout ontogeny (Werner and Gilliam,
1984), in others resource use may alter continuously throughout an
individual's life-history (Hanquet et al., 2004). Generally, size and: +44 28 9097 5877.
ander).
l rights reserved.type of prey consumed vary as a consequence of increasing body
size with age (Morato et al., 2000; Wilson, 1975), and larger prey
are advantageous for growing predators, possibly reflecting the
decreased nutritional importance of smaller sized foods (Graeb et
al., 2006). Predation on larger prey may also be a reflection of an
increase in size and power of feeding apparatus as a predator
matures, such as the development of chelae and mouthparts
allowing a predator to select otherwise inaccessible prey (O'Brien,
1994). Small prey may therefore experience a size refuge from larger
predators, however, this may be of little consequence if smaller
predators also consume these smaller prey (St John, 1999). Further,
larger predators may or may not be physically able to consume
small prey (e.g. Rindone and Eggleston, 2011), and with the body
size ratio among certain predators and prey shown to determine
interaction strengths (Emmerson and Raffaelli, 2004), there are
potential consequences for prey population size and stability
(O'Gorman and Emmerson, 2011). Subsequently, such dynamic
shifts in resource use may complicate species interactions, with im-
portant consequences for community dynamics and prey population
stability (Woodward and Hildrew, 2002).
The functional response, describing the relationship between the
number of prey consumed and the initial prey density (Holling, 1959),
93M.E. Alexander et al. / Journal of Experimental Marine Biology and Ecology 439 (2013) 92–99provides insights into predator–prey interactions and is often used as a
measure of feeding capability to elucidate predator effects on prey pop-
ulation stability (Miller et al., 1992; Rindone and Eggleston, 2011;
Wennhage, 2002). In general, three forms of the functional response
are considered, each with a different contribution to prey population
stability: (1) the Type I, linear, density-independent response, with
consumption reaching an abrupt plateau due to handling constraints;
(2) the Type II, inversely density-dependent response, where most
prey are consumed at low prey densities and consumption rises at a de-
celerating rate to an asymptote, again perhaps due to handling time
constraints; and (3) the Type III, density-dependent response, which
is sigmoidal due to low prey consumption at low prey densities, per-
haps due to significant search timewhenprey density is low or predator
switching behaviour (Hassell, 1978). Type II functional responses are
likely to de-stabilise prey populations, as there is little or no refuge for
prey at low prey densities as occurs with the more stabilising Type III
functional response (Colton, 1987; Hassell, 1978; Murdoch and Oaten,
1975). Despite the fact that ontogenetic changes in predator–prey inter-
actions arewell documented in the literature, few studies have featured
functional responses in such an ontogenetic context (but see Elliot,
2005; Fox and Murdoch, 1978; McCoy and Bolker, 2008; Miller et al.,
1992; Thompson, 1975).
This study investigated the ontogeny of the functional response of a
marine intertidal amphipod, Echinogammarus marinus. On rocky inter-
tidal shores, recognition of the predatory role of amphipods is emerging
(Ingólfsson and Agnarsson, 1999), and E. marinus has recently been
demonstrated to be an active predator, consuming a range of prey
species (Alexander et al., in press; Dick et al., 2005). What is unknown,
however, is whether this amphipod exhibits a predatory role through-
out its ontogeny. With a number of species of amphipods observed to
have major structuring effect on macroalgal communities (Brawley
and Adey, 1981; Duffy and Hay, 2000), it is therefore considered that
they may also impose such structuring effects on invertebrate commu-
nities. These structuring effectsmay be even stronger if the amphipod is
an active predator from juvenile through to adult life stages. Further, it
is important to resolve if small prey experience a refuge from larger
predators, as detailed above, which can promote prey persistence
(Rindone and Eggleston, 2011).
The aim of this study was thus to determine the predatory ability
and impacts of E. marinus throughout its ontogeny in marine intertidal
communities, by describing and quantifying its functional responses
towards a common prey species, the isopod Jaera nordmanni. The
specific aims were to establish if: (1) by examining gut contents,
E. marinus shows consumption of prey over the course of its
life-history, from juvenile through to adult; (2) the shape and mag-
nitude of the functional response differs among predators and prey
scaled for body size throughout ontogeny; (3) small prey experi-
ence a size refuge from the largest adult predators; and (4) whether
habitat complexity provides small prey with a refuge from preda-
tion by larger predators.
2. Materials and methods
2.1. Collection and maintenance of animals
Animal collections took place in April and May 2012 by searching
under cobbles on ‘Walter's Shore’ at Portaferry, Northern Ireland
(54º22.95′N, 5º33.3′W). E. marinus for gut contents analysis were im-
mediately killed in carbonated water, to cease digestion processes,
and dissected within 3 h (see Dunn and Dick, 1998). E. marinus and
J. nordmanni for experiments were transported to Queen's University
Belfast and housed separately in tanks with sand-filtered seawater
that was aerated with the addition of an air stone. Animals were pro-
vided with algae (Fucus serratus from the collection site) and fish
food pellets (comprised of fish, mollusc and algal derivatives) at
12 °C and 12:12 h light:dark, and were maintained in the laboratoryfor 48 h before use in experiments (pilot studies and previous work
indicated that this was an adequate period for acclimatisation; e.g. see
Alexander et al., in press).Wemeasured body lengths of both E.marinus
and J. nordmanni as the distance from the base of the antennae to the
base of the telson. E. marinus were then sorted into three size/
developmental stages; juvenile, sub-adult and adult (3, 9, 15 mm
respectively, all ±1 mm). Juveniles were defined as those having
recently emerged from the female brood pouch (juveniles begin to
leave at 1.5–2 mm in length; M. Alexander, personal observation);
sub-adults as those significantly larger but with no oostegites (female
brood plates) and of a size never found in the precopulatory mate
guarding phase; and adults as having oostegites (females) or genital pa-
pillae (males) and of sizes found in precopula. J. nordmanniwere sorted
into size classes of 0.8, 2.4 and 4 mm (±0.3 mm). This allowed us to
size match predator and prey, maintaining a body length ratio of 3.75.
2.2. Gut content analysis
E. marinus of each size class above (n=10 each) were starved
individually in plastic containers (5 cm diameter; 100 ml seawater)
for 7 days to ensure their guts were fully evacuated (see Dick et al.,
2005). Each was then presented with 10 size matched J. nordmanni
prey as above. Once a prey item had been consumed, each E. marinus
was killed in carbonated water and its gut immediately dissected and
examined. This provided a prey signature with which to compare gut
contents of individuals collected in the field. Then, 118 such E. marinus
(juveniles, n=39; sub-adults, n=41; adults, n=38) were dissected
and compared to the reference signature samples. Presence or absence
of J. nordmanni in the gut of field preserved E. marinus was thus deter-
mined. Chi-squared analyses were conducted on the raw count data
to test for differences in the frequency of occurrence of J. nordmanni in
gut contents betweenmale and female E.marinus and among the differ-
ent life-history stages.
2.3. Functional response experiments
In experiment 1, individual juvenile, sub-adult and adult E. marinus
were presented with size matched J. nordmanni prey in experimental
arenas (round plastic dishes) scaled for the three size classes of preda-
tor, that is, dish diameter was 6.5× the predator body length and sea-
water depth was 3× the predator body length. E. marinus were of
mixed sex, as we show below that males and females from the field
did not differ in frequency of J. nordmanni in their guts. E. marinus
were starved for 24 h to standardise hunger levels (see Alexander et
al., in press) and then presented with J. nordmanni prey at six prey den-
sities (2, 4, 8, 16, 30, 40 per dish; n=6 per experimental group) in a
fully randomised design thatwas completed over fourweeks. Predators
and prey were used only once, and controls were J. nordmanni at each
prey density in the absence of E. marinus (n=6 per control group).
In experiment 2, adult E. marinus were provided with the smallest
J. nordmanni prey (as above) in habitat that was either ‘simple’ (no
stones) or ‘complex’ (supplied with 10 stones of 10 mm length hap-
hazardly scattered on the bottom of the arena), with prey densities
and replication as before. Controls were J. nordmanni at each density
(n=6 each), with and without habitat complexity, in the absence of
E. marinus. All replicates in both experiments were initiated at
17.00 h and prey consumption was examined after 24 h.
In experiment 1, mean numbers of prey dead (i.e. those con-
sumed in the experimental groups with predators, or those dying
for other reasons in the control groups without predators) were ex-
amined with respect to ‘predator status’ (present or absent), ‘onto-
genetic stage’ (juvenile, sub-adult or adult E. marinus) and ‘initial
prey density’ (as above) in a three-factor ANOVA with Tukey's post
hoc tests. In the second experiment, mean numbers of prey dead
(as above) were examined with respect to ‘predator status’ (present
or absent), ‘habitat’ (simple or complex) and ‘initial prey density’ (as
Table 1
Three-way ANOVAs on number of J. nordmanni consumed (log10 (x+1) transformed)
in (a) Experiment 1 with the factors ‘predator status’ (present or absent), ‘ontogenetic
stage’ (juvenile, sub-adult and adult) and ‘initial prey density’ (2, 4, 8, 16, 30, 40) and
(b) Experiment 2 with the factors ‘predator status’ (present or absent), ‘habitat’ (sim-
ple or complex) and ‘initial prey density’ (2, 4, 8, 16, 30, 40). Significant P-values in
bold, α=0.05.
Source of variation df MS F P
a) Experiment 1
Predator status 1 14.190 447.394 b0.001
Ontogenetic stage 2 0.320 10.077 b0.001
Prey density 5 0.299 9.412 b0.001
Predator status×Ontogenetic stage 2 0.361 11.384 b0.001
Predator status×Prey density 5 0.200 6.309 b0.001
Ontogenetic stage×Prey density 10 0.026 0.807 0.622
Predator status×Ontogenetic
stage×Prey density
10 0.027 0.862 0.507
Error 180 0.032
b) Experiment 2
Predator status 1 8.550 201.315 b0.001
Habitat 1 1.613 37.975 b0.001
Prey density 5 0.415 9.779 b0.001
Predator status×Habitat 1 1.551 36.526 b0.001
Predator status×Prey density 5 0.334 7.861 b0.001
Habitat×Prey density 5 0.034 0.794 0.556
Predator status×Habitat×Prey density 5 0.039 0.911 0.477
Error 120 0.042
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experiments, analyses were performed on log10 (x+1) data;
although transformed data did not conform to normality (Shapiro–
Wilks W-test, pb0.05), variances were homogeneous throughout
(Fligner–Killeen test, p>0.05), and ANOVA is robust to deviations
from normality, particularly when, as in these analyses, the designs
are balanced with a relatively large number of replicates (Underwood,
1997). Figures show untransformed means for clarity. All statistical
analyses described above and below were performed using the statisti-
cal software R, version 2.14.1 (R Development Core Team, 2011).
2.4. Functional response analyses
There are numerous modelling approaches to the assessment of
functional responses and choice of model may depend on whether
a particular study is mechanistic or phenomenological in approach
(Jeschke et al., 2002). Thus, the mechanistic application of parame-
ters such as attack rate and handling time must be approached
with extreme caution, or be supported with empirical measure-
ments of parameter estimates (Caldow and Furness, 2001; Jeschke
and Hohberg, 2008; Jeschke et al., 2002). Phenomenological use of
these parameters does, however, provide a tool to examine differ-
ences in functional response types and parameter estimates in com-
parative or factorial experiments and this is the approach taken here.
Logistic regression of the proportion of prey killed as a function of
prey density was used to distinguish between Type II and III functional
responses (Juliano, 2001; Trexler et al., 1988). Logistic regression
models were fitted using maximum likelihood estimation and a bino-
mial error distribution. A significantly negative first order term indi-
cates a Type II response, whereas a significantly positive first order
term, followed by a significantly negative second order term, indicates
a Type III response (Juliano, 2001). The ‘random predator equation’
(Rogers, 1972) was fitted to our data as is appropriate for experiments
where prey deplete over time and are not replaced upon consumption
(Juliano, 2001);
Ne ¼ N0 1– exp a Neh–Tð Þð Þð Þ
where Ne is the number of prey eaten, N0 is the initial density of prey,
a is the attack constant, h is the handling time and T is the total time
available. Maximum feeding rate was estimated as 1/hT. Due to the
implicit nature of the random predator equation, the Lambert W
function was implemented to fit the model to the data (Bolker,
2010). Bootstrapping was used to generate multiple estimates (n=20)
of the attack rate a, handling time h and maximum feeding rate 1/hT
for statistical significance testing. In experiment 1, mean parameter esti-
mates were examined with respect to ‘ontogenetic stage’ (juvenile,
sub-adult and adult E. marinus) in a one-factor ANOVA with Tukey's
post hoc tests. In the second experiment, mean parameter estimates
were examined with respect to ‘habitat’ (simple or complex) in a
one-factor ANOVAwith Tukey's post hoc tests. Analyses were performed
on untransformed data.
3. Results
3.1. Gut content analysis
The signature of J. nordmanni in the guts of experimentally fed
E. marinus appeared as dark brown/greymaterialwith clear portions of
undigested pieces of isopod exoskeleton. This was easily related to field
preserved individuals, as other food in their guts took on quite a differ-
ent appearance from the J. nordmanni signature. Material that was con-
sidered to be different prey species had amuch lighter appearance, and
algalmatter, green algae in particular, was identifiable due to its distinct
colouration. Relating this to field preserved E. marinus revealed that all
size classes of E. marinus had recently consumed J. nordmanni: 15% ofjuveniles (6 of 39); 34% of sub-adults (14 of 41); and 57% of adults
(12 of 19 females and 10 of 19 males). There was no significant differ-
ence in the frequency of J. nordmanni in E. marinus guts between
males and females (χ2=0.4, d.f.=1, NS), but this did increase signifi-
cantly moving from juvenile, through sub-adult to adult (χ2=15.3,
d.f.=2, Pb0.001).
3.2. Experiment 1
We directly observed all ontogenetic stages of E. marinus actively
pursuing, capturing, killing and consuming J. nordmanni and such pre-
dation was further evidenced by prey body parts littering the aquaria
floors. Further, control J. nordmanni (no predator present) of each size
class had >99% survival after 24 h. Overall, mean J. nordmanni deaths
were significantly higher when E. marinus was present as compared to
absent (Table 1a). There was a significant effect of ‘ontogenetic stage’
(Table 1a; Fig. 1a), with significantly fewer deaths in the juvenile
group compared to the adult and sub-adult groups (Tukey's test,
Pb0.05; Fig. 1). However, for all E. marinus ontogenetic stages and
prey densities, more prey died in the presence of E. marinus than in
controls (Tukey's test, all Pb0.001); that is, all life history stages of
E. marinus reduced prey numbers significantly. There was also signif-
icantly more prey consumption at higher prey densities (Table 1a;
Fig. 1a). A significant ‘predator status x ontogenetic stage’ interaction
(Table 1a; Fig. 1a) resulted from higher prey consumption relative to
controls moving from juvenile through to adult (Tukey's test, all
Pb0.001) and a significant ‘predator status×density’ interaction
(Table 1a; Fig. 1a) occurred due to greater disparities in deaths between
experimental and control groups at higher densities (reflecting the b1%
deaths of prey when predators were absent).
At each predator ontogenetic stage, logistic regression indicated that
E. marinus exhibited Type II functional responses towards J. nordmanni,
as revealed by the significantly negative linear coefficients (Table 2a;
Fig. 1a and b). Mean attack rate a was significantly greater for sub-
adults in comparison to both juvenile and adult predators (Table 3a;
Tukey's test, all Pb0.001; Fig. 2a).Meanhandling time hwas significant-
ly higher for juvenile predators compared to sub-adult and adults
(Table 3a; Tukey's test, all Pb0.001; Fig. 2b). Mean maximum feeding
rate 1/hT was significantly different among each of the ontogenetic
stages and was lowest in juveniles and greatest in adults (Table 3a;
Tukey's test, all Pb0.001; Fig. 2c).






























































Fig. 1. (a) Functional responses of juvenile, sub-adult and adult E. marinus towards size
matched J. nordmanni. Means are numbers of prey at each density, presented ±SE. The
sizes of predators, prey and arenas were scaled (see text for details). (b) Proportional
mortality of J. nordmanni under predation from juvenile, sub-adult and adult E. marinus.
Means are proportion of prey consumed at each prey density, presented with ±SE, and
curves generated from first-order logistic regression analysis.
Table 2
Parameter estimates (and significance levels) from logistic regression analyses of pro-
portion of prey killed against initial prey density. Analyses were determined for inter-
actions occurring in (a) Experiment 1 for different ontogenetic stages of E. marinus
with prey scaled for predator size, and (b) Experiment 2 for large predators and
small prey in simple and complex habitats; values for the intercept and first-order

































One-way ANOVAs on attack rate a, handling time h and maximum feeding rate 1/hT in
(a) Experiment 1 among E. marinus ontogenetic stages (juvenile, sub-adult and adult),
and (b) Experiment 2 for adult E. marinus and small prey in simple and complex hab-
itat. Significant P-values in bold, α=0.05.
Source of variation df MS F P
a) Experiment 1
a Ontogenetic stages 2 8.885 43.66 b0.001
Error 42 0.204
h Ontogenetic stages 2 0.172 39.31 b0.001
Error 42 0.004
1/hT Ontogenetic stages 2 0.221 38.95 b0.001
Error 42 0.005
b) Experiment 2
a Habitat 1 10.320 258.50 b0.001
Error 28 0.040
h Habitat 1 0.206 38.49 b0.001
Error 28 0.005
1/hT Habitat 1 1.683 22.12 b0.001
Error 28 0.076
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Adult E.marinus, in both simple and complex habitat, were observed
actively pursuing, capturing, killing and consuming the smallest
size class of J. nordmanni. As before control J. nordmanni (no
predator present) in each habitat type had >99% survival after
24 h. Mean J. nordmanni deaths were significantly higher when
E. marinus was present as compared to absent (Table 1b). There
was a significant effect of ‘habitat’ (Table 1b), with more prey deaths
in simple as compared to complex habitat (Fig. 3a). However, in both
simple and complex habitats and at all prey densities, more prey died
in the presence of E. marinus than in controls (Tukey's test, all
Pb0.001). There was also significantly more prey deaths at higher
prey densities (Table 1b; Fig. 3a). A significant ‘predator status×habitat’
interaction (Table 1b; Fig. 3a) resulted from a greater disparity in deaths
between experimental and control groups in simple as compared to
complex habitat (Tukey's test, Pb0.05), and a significant ‘predator
status×density’ interaction (Table 1b; Fig. 3a) occurred due to greater
disparities in deaths between experimental and control groups at
higher densities (reflecting the b1% deaths of prey when predators
were absent).
Logistic regression indicated that adult E. marinus exhibited a Type II
functional response towards the smallest size class of J. nordmanni in
both habitat types, as revealed by the significantly negative linear coef-
ficients (Table 2b; Fig. 3a and b). Mean attack rate a was significantly
higher in simple as compared to complex habitat (Table 3b; Fig. 4a),
whilst mean handling time h was significantly lower in simple com-
pared to complex habitat (Table 3b; Fig. 4b). This corresponded to the
mean maximum feeding rate 1/hT being significantly higher in simple
as compared to complex habitats (Table 3b; Fig. 4c).
4. Discussion
In this study, we found the isopod J. nordmanni in the guts of field
caught amphipods, E. marinus, from juveniles through to adults, indi-
cating that E. marinus utilises an active predatory feeding mode in
the wild. Further, under laboratory conditions, juvenile, sub-adult
and adult E. marinus exhibited Type II functional responses towards
size-matched J. nordmanni prey. In addition, the largest adult E. marinus
fed on the smallest J. nordmanni, again with Type II functional re-
sponses, in both homo- and heterogeneous habitats. As amphipod crus-
taceans are increasingly recognised as active predators (Bollache et al.,
2008; Dick et al., 2005, 2012a; MacNeil et al., 1997), and marine
inter-tidal communities are heavily influenced by predation, we have
elucidated on the ontogeny of predation in the ubiquitous amphipod

































































































Fig. 2. Mean (+SE) (a) attack rate a, (b) handling time h and (c) maximum feeding
rate 1/hT derived from bootstrapping (n=20 each) juvenile, sub-adult and adult
E. marinus consuming size matched J. nordmanni. Different letters indicate signifi-
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Fig. 3. (a) Functional responses of adult E. marinus towards J. nordmanni in simple and
complex habitat. Means are numbers of prey consumed at each prey density, presented
±SE. (b) Proportional mortality of J. nordmanni under predation from adult E. marinus
in simple and complex habitat. Means are proportion of prey consumed at each prey den-
sity, presented with ±SE, and curves generated from first-order logistic regression
analysis.
96 M.E. Alexander et al. / Journal of Experimental Marine Biology and Ecology 439 (2013) 92–99impacts of predators on prey populations are generally consideredwith
respect to only the adult predator or at a single point in the predator's
life history (e.g. Micheli, 1997; Peckarsky, 1980; Turner, 2008). This is
certainly true of the majority of functional response studies (e.g. Elliot,
2003; Iribarne et al., 1995; Koski and Johnson, 2002). It is likely, howev-
er, that a predator's capability and efficiency, as well as feeding modes
and food types utilised, can change throughout ontogeny (Monteiro et
al., 2005; St John, 1999). To fully understand a predator's effect on its
prey, interactions over the full life-history range should be considered
(Woodward and Warren, 2007). This may be of particular importancefor specieswhere there is increasing recognition of predatory capabilities
in systems that are highly influenced by predatory processes (Connell,
1972; Maranhão et al., 2001; Menge, 1991).
Our gut content analysis from field caught E. marinus showed the
presence of the isopod J. nordmanni in the diet of E. marinus at all onto-
genetic stages, from juveniles not long emerged from the female brood
pouch, to adults of maximum size. The occurrence of J. nordmanni in the
gut of E. marinus could be the result of scavenging or accidental con-
sumption when foraging on other resources. However, in our first ex-
periment, we demonstrate in the laboratory that E. marinus is able to
capture and consume J. nordmanni throughout ontogeny of the former
from juvenile to adult, with significantly fewer prey surviving in the
presence as compared to the absence of all sizes of E. marinus. Further,
we found that, under laboratory conditions, E. marinus at each
life-stage displayed Type II functional responses towards their prey
when predator and prey body sizes were scaled to a constant ratio.
This suggests that all life history stages of E. marinus are physically
and behaviourally equipped to search for, capture, overpower and con-























































































Fig. 4.Mean (+SE) (a) attack rate a, (b) handling time h and (c)maximum feeding rate 1/hT
derived frombootstrapping (n=20 each) adult E. marinus consuming J. nordmanni in simple
and complex habitat.
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ing parameter of the fitted functional response curve and describes the
initial slope close to the origin (Hassell and May, 1973; Jeschke et al.,
2002). An increase in this parameter is therefore indicative of greater
predatory efficiency at lower prey densities, whereas a decrease sug-
gests decreased efficiency. We found quite variable estimates of attack
rate with no clear directional trend with predator size. This is contrary
to other work that reported strong relationships between this parame-
ter and size during ontogeny (Miller et al., 1992). Miller et al. (1992),
however, maintained a constant prey size that was not scaled to thepredator, as was in the current study. How the attack rate varies when
the predator–prey size ratio is constant is not immediately obvious,
however, but it is likely a function of allometry (see below). A signifi-
cantly heightened attack parameter for sub-adult amphipods indicated
a comparatively increased predatory efficiency at reduced prey densi-
ties. Sub-adult amphipods are possibly more motivated to search for
and subsequently attack prey for a variety of potential reasons, such
as increasing resource acquisition for the maintenance of growth, as
well as costs associated with preparing for reproductive output (Dias
and Hassall, 2005; Glazier, 2000). Resource acquisition is vital for
growth rate and reductions in food uptake can lead to suppressed
growth with implications for future fitness (Ball and Baker, 1996;
Nakaoka, 2000; Pollock et al., 2005), and increased growth rates have
been observed in younger amphipods with reduced rates towards the
end of life (Neuparth et al., 2002).
In agreement with a number of studies in other systems (e.g.
Altjetlawi et al., 2004; Elliot, 2005; McCoy and Bolker, 2008), in-
creased handling time, h, corresponding to decreased maximum feed-
ing rate, 1/hT, was observed in small juvenile amphipods. Handling
time may be considered as a number of sub-components including
time spent orientating to, pursuing and subduing prey. Subsequent to
this, time will be spent eating and then digesting prey (Thompson,
1975). Although the predator–prey size ratio was constant, a number
of aspects of the biology of juvenile amphipods may account for in-
creased handling time leading to reduced feeding rate and overall re-
duced prey consumption in comparison to the other life stages.
Predator experience can be important for individuals to become effi-
cient foragers (Flynn and Ritz, 1999; Reid et al., 2010; Rovero et al.,
1999), and juvenile amphipods may be less familiar with the prey in
comparison to sub-adult and adult amphipods that have had greater
opportunity for prey learning. Specifically, predators with experience
at prey manipulation should be at an advantage in the initial stages of
handling (Croy and Hughes, 1991). In the subsequent stages of con-
sumption and digestion, smaller predators may be at a further disad-
vantage and less able to process prey. Although the prey size was
scaled for predator body size, studies have suggested that digestive pro-
cessing constraints may be more important in small individuals com-
pared to large ones (Penry and Jumars, 1990). Chitinous crustacean
exoskeletons in particular have been shown to be poorly digestible in
larval fish and to have variable passage rates through the gut (Conway
et al., 1993). Furthermore, it should be considered that while we scaled
predators and prey by length, this is a linear measure. Intestinal length
and gut volume has been shown to follow an allometric relationship
(Kramer and Bryant, 1995) and this may have constrained prey con-
sumption by the smaller, juvenile predators further.
In our second experiment, we found that there is no size refuge
for smaller prey body sizes from the largest adult predators and
that E. marinus significantly reduces such prey numbers in both sim-
ple and complex habitats. However, although habitat complexity sig-
nificantly reduced the number of prey items consumed over all, a
Type II functional response was observed in adult E. marinus feeding
on the smallest isopod size-class in both the presence and absence of
habitat complexity. Even though the occurrence of a Type III func-
tional response is frequently documented under such environmental
conditions (Buckel and Stoner, 2000; Kushner and Hovel, 2006;
Lipcius and Hines, 1986), such a change in response does not always
occur (Dittel et al., 1995; Long et al., 2012). This is of particular im-
portance due to the contributions each response type (II and III)
makes to prey population stability. Type II responses are considered
de-stabilising, owing to the consumption of most if not all prey at
low densities, whereas Type III responses are considered to impart
stability, allowing prey to persist at low densities due to a suppres-
sion of predator consumption (Rindone and Eggleston, 2011; Seitz
et al., 2001; Wennhage, 2002).
In aquatic communities, body size of both prey and predator is an
important attribute that is directly linked to foraging success. Predators
98 M.E. Alexander et al. / Journal of Experimental Marine Biology and Ecology 439 (2013) 92–99maybecomemore successfulwith increasing size due to a variety of fac-
tors such as better visual acuity (Miller et al., 1993) and increased forag-
ing capabilities with experience (Croy and Hughes, 1991). However,
predator growth may also limit feeding ability at the lower end of the
prey size spectrum, such that larger predators are physically unable to
capture smaller prey (e.g. Rindone and Eggleston, 2011; Stevens and
Swiney, 2005). Related to this, a predator may out-grow smaller prey
items due to factors relating to increased cost of consumption in rela-
tion to net benefits, and optimal foraging models predict that large
predators should concentrate on larger prey (Gill, 2003; Stephens and
Krebs, 1986). Indeed, prey size generally increases with predator size
in marine ecosystems (Costa, 2009), and smaller prey individuals may
therefore experience a size refuge from larger predators (Allan, 1978;
Muotka et al., 1999; Newman andWaters, 1984). Conversely, however,
as is suggested in the present study, prey that are small relative to the
predator may require less time to subdue, eat and digest (Lundvall et
al., 1999; Ryer, 1988), which would result in a predator with a reduced
handling time and increased feeding rate. Here, large adult E. marinus
consumed small prey sizes at an increased rate in comparison to all
other treatments, which is driven by an associated reduced handling
time (c.f. Figs. 1a and 3a). Similarly, large E. marinus showed greater at-
tack efficiencies at low prey densities compared to other size pairings,
albeit reduced in comparison to medium, sub-adult predators, as well
as increased attack rates towards small prey sizes in simple habitats.
Such a feeding rate by large, adult predators has implications for the
prey population that is also readily consumed by small, juvenile preda-
tors as it may therefore be assumed that all predator sizes within this
range are further contributing to this predation pressure on small
prey sizes.
We have demonstrated here that active predation by the marine in-
tertidal amphipod E. marinus is conserved throughout its life history,
from juvenile through to sub-adult and adult life-stages, thus further
countering the traditional classification of such amphipod taxa as pure-
ly herbivorous ‘shredders’ (Kelly et al., 2002; MacNeil et al., 1997). This
has consequences for the stability of prey populations which are sus-
ceptible to predation throughout the ontogeny of the amphipod, how-
ever, as E. marinus is not an obligate feeder on J. nordmanni and has
been demonstrated to feed on a variety of food types including animal
and algal species (Dick et al., 2005), an ease of pressure on the isopod
population may be expected if prey switching occurs (Murdoch, 1969;
Akre and Johnson, 1979). The use of functional responses shown here
in the context of ontogeny has, however, allowed us to further under-
stand this predator–prey interaction. It has provided a useful tool for
the investigation and comparison of feeding behaviours over the course
of the lifetime of E.marinus and is a valuable approach for aiding our un-
derstanding of the dynamics of amphipod interactions with their prey
and the structuring ofmarine littoral communities. Furtherwork should
examine shifts in such interactions in response to changing conditions
with respect to such communities, such as global climate change
(Taylor and Collie, 2003) and invasive species (Dick et al., 2012a,
2012b; Haddaway et al., 2012), especially as amphipods feature as glob-
al invaders (Conlan, 1994; Dick and Platvoet, 2000).
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